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TRAP/SEE Code Users Manual

for

Predicting Trapped Radiation Environments

1. Overview

The TRAP/SEE code predicts proton and electron spectra in the Earth's trapped radiation belts.

Code features (for version 1.1) are listed in Table 1 and summarized below.

1.1 Attributes of Code

The TRAP/SEE code contains the trapped proton and electron models for solar minimum and

solar maximum developed by Vette and colleagues [ 1-3] and designated as AP8MIN, AP8MAX,

AE8MIN, and AE8MAX. These models are incorporated essentially as originally written;

fundamental changes to the original models have not been made.

The TRAP/SEE code has the following basic features:

• An orbit code is incorporated which accurately accounts for trajectory perturbations for

both low-Earth orbits (LEO) and high-apogee, highly-elliptical Earth orbits (HEO).

• In addition to the standard "Vette versions" of the trapped models, "ESA versions" of the

models, containing modifications made by Daly and Evans of the European Space Agency

(ESA) ESTEC facility for an improved data base interpolation method [4], are also

included.

• A convenient user interface for executing the code is provided using Microsoft Visual

Basic software. The code operates on an IBM-compatible PC using Windows 95 or 98

operating system.

The models incorporated are described in Sec. 2. Input parameters needed to operate the code

are discussed in Appendix A, and a summary of input definitions is included in the code Help

files.

1.2 Output Provided

The TRAP/SEE code provides five types of output (for either electrons or protons):

• orbit-average integral and differential flux spectra
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Table 1. Summaryof TRAP/SEEversion1.1codefeatures.

Q Attributes

• Treats HEO and LEO orbits

• Allows both conventional and ESA

methods for data base interpolation

• Convenient user interface

• Fast operation on PC platform

El Models, Methods, and Software

• Trapped Radiation Models: AP8MIN, AP8MAx, AE8MIN, AE8MAX

• Data Base Interpolation: Vette and ESA methods

• Magnetic Field Calculations: GSFC ALLMAG, GDALMG,
and LINTRA codes

• Magnetic Field Models:

Solar Minimum: 80-term IGRF 1965.0 model, projected to 1964
Solar Maximum: 168-term USCGS model for 1970

:: _ • Magnetic Moment: calculated from field models

• Orbit Calculations: MSFC GRAV code

• User Interface Software: Microsoft Visual Basic (v. 6.0)

• Operational Platform: IBM-compatible PC, Windows 95/98

ISl Output Provided

• Orbit average trapped proton and electron energy spectra

at solar min or solar max

• Peak flux per orbit and orbit fluence (optional)

• Spectra at specified points along orbit (optional)

• Variable values at each time step along trajectory (optional)

• Orbit parameters (optional)

2
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• peak flux encountered during an orbit and fluence per orbit (optional output)

• differential and integral flux spectra at specified points along an orbit (optional output)

• an output file containing various variable values on a point-by-point basis -- i.e., at each

time step along the orbit where the flux is non-zero (optional output)

• an output file of orbit parameters at each time step along orbit (optional output)

Thus, output is provided for both orbit-average spectra (needed, for example, in computing

orbit-average mission dose) and for the peak spectra and spectra at points along an orbit (needed,

for example, in computing worse-case and nominal single event effect rates).

Detailed descriptions of the output and an example calculation are given in Appendices B and

D, respectively. Default values used by the code which can be changed by the user are described

in Appendix C. Outputs for typical types of applications are discussed in Appendix E.

1.3 Model Limitations and Prediction Uncertainties

Fundamental model limitations and TRAP/SEE code application restrictions are discussed in

Sec. 3. As part of the present study under the SEE Program, AP8 and AE8 model predictions

have been compared with various sets of flight data to obtain quantitative estimates of model

prediction uncertainties. A synopsis of these results is given in Sec. 4; details are available as

separate reports [5, 6].

Predictions using the AP8 and AE8 models can vary depending on the details of how the

models are implemented and operated. Some of the implementation factors which can influence the

trapped model predictions are summarized in Sec. 5.
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2. Models and Codes Incorporated

2.1 Calculational Steps

The calculational procedure consists of four main steps:

• Orbit code calculation -- provides the latitude, longitude, and altitude at time steps along

the trajectory

• Magnetic field calculation -- uses orbit code output to calculate the magnetic field

intensity (B), the minimum intensity along the field line (Bo), and the Mcllwain L

parameter at each time step

• Trapped flux calculation -- extracts at each time step the integral flux spectrum from the

appropriate data base (proton or electron, solar minimum or maximum) of fluxes stored at

discrete energy, B/B o, and L values, and performs interpolation for the B and L of the

time step

• Output calculation - differential energy spectrum calculation

normalizations, etc. needed in generating output files

A summary of the models and codes used for these calculations follows.

and summations,

2.2 Orbit Code

The GRAV code, developed and extensively applied at MSFC, is used for orbit calculations.

This orbit code takes into account perturbations to the orbital elements by nonspherical gravitational

terms due to the Earth's oblateness and the influence of gravitational forces by the Moon and Sun.

In addition, options are provided to include atmospheric drag (in the 200 to 1000 km altitude

range, using the 1976 U.S. standard atmospheric model) for low-Earth orbits and the influence of

solar radiation pressure for high-apogee orbits.

2.3 Magnetic Field Models

The following magnetic field models are used, which correspond to the fields at the time the

flight data incorporated in the flux data bases were taken: for solar minimum, 80-term International

Geomagnetic Reference Field for 1965.0 [7] projected to 1964; for solar maximum, U.S. Coast

and Geodetic Survey 168-term geomagnetic field model for 1970 [8]. The magnetic moment,

needed in determining B o, is calculated from the magnetic field models (as opposed to using a fixed

value, which is the procedure used in some implementations of the models, including the models

as originally issued). Considerations in determining appropriate field models and in specifying the

magnetic moment are discussed in Sections 5.3 and 5.4, respectively.
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TheB andL calculationsareperformedusingtheALLMAG codeand associatedprograms

developedby StassinopoulosandMead[9].

2.4 Trapped Radiation Models

Incorporated are the standard "Vette versions" of trapped proton and trapped electron models

for solar minimum and solar maximum conditions and ESA versions of the these models, which

contain an improved data base interpolation method for low altitudes as described in Sec. 5.5. The

particular implementation of the Vette codes incorporated here is that currently in common use at

NASA/MSFC.

2.5 Output Calculations

The TRAP/SEE code uses the basic output from the trapped radiation data bases (integral flux

values for each energy grid value at each time step along the orbit) to calculate output fluxes in

several forms (orbit average values, peak flux per orbit, etc.), as discussed in detail in Appendix

B. The integral fluxes are extracted from the data bases at constant time steps (specified as input)

along the orbit. The differential flux at a given energy is calculated by differentiating a three-point

fit to the integral flux about the energy. The procedure for changing the spectra energy grid values

is discussed in Appendix C.

5
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3. Model Limitations

Major limitations of the AP8 and AE8 models and, therefore, restrictions for TRAP/SEE

code applications, are summarized below.

3.1 Solar Cycle Dependence

The models provide fluxes at or near solar minimum or solar maximum conditions only,

not the variations which occur during a solar cycle. (For an indication of the trapped proton solar

cycle dependence at low altitudes, see recent publications of measurements made on the NOAA

spacecraft at 800 km over 1.5 solar cycles [10] and long-term measurements made on the Mir

Space Station at 370 - 420 km [ 11 ].)

3.2 Transients

The models are static and most accurate in providing average fluxes for time periods of

about 6 months or more. In particular, the dynamics of the outer electron belt and large temporal

variations in high altitude proton and electron fluxes due to geomagnetic disturbances such as those

observed on the CRRES mission [12] are not accounted for.

3.3 Directionality

The models provide only omnidirectional fluxes without any angular dependence. Thus,

the substantial anisotropy of trapped proton fluxes at low altitudes, as observed for example by

radiation effects measurements on the LDEF satellite [13, 14], are not taken into account.

Models for generating directional trapped proton spectra from the AP8 omnidirectional

spectra have been developed (e.g., [15, 16]) and have been applied, for example, to generate a

calculational data base of orbit-average directional trapped proton spectra for orbits below 500 km

[17].

3.4 Energy Extrapolation

While the AP8 and AE8 models as implemented here output flux spectra in the energy

range 50 keV to 600 MeV for protons and 40 keV to 7.5 MeV for electrons, it is important to note

that the lowest and highest energy regions represent energy extrapolations of data base values and

not actual measurement data. For example, according to Vampola [18], AE8 is not based on

reliable data for energies above about 2 MeV in the outer electron zone. Also, the low-energy

proton spectra from AP8 are uncertain below about 10 MeV, so the application of AP8 fluxes in

assessing near-surface effects where energies - 100 keV are important is not advised. (An
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alternativein this caseis to uselow-energyproton spectrameasuredon the$3-3 satellite,which

providesspectradownto 80keV for altitudesbelow8200km [19]).

3.5 SAA Drift

Becauseof seculargeomagneticchanges,thehigh protonflux regionat low altitudes,the

so-calledSouthAtlanticAnomaly(SAA),drifts westwardgeographicallyatarateof about0.3° per

year [20]. Since the magnetic fields that must be used to retrieve fluxes from the model data bases

are for epochs 1964 and 1970 for solar minimum and solar maximum, respectively, the models do

not predict the correct locations of fluxes in the SAA region - i.e., the actual area of high flux is

shifted westward from the predicted high-flux area. Thus, for example, if the models are used to

predict the location along an orbit where high radiation backgrounds to an onboard sensor is

expected, the location will be incorrect.

However, the SAA drift can be accounted for approximately by simply shifting the

longitude of the model flux predictions. The point-by-point output file from a TRAP/SEE run

contains several integral flux values and the geographic east longitude, _, at each time step. The

shift can be taken into account by considering the fluxes to be at longitude ¢' = ¢ - a¢, where

A¢ = 0.3(t -- T), t = the date of interest in years, and T = 1964.0 for solar minimum and 1970.0 for

solar maximum. Another method for predicting the SAA drift, which is probably the most accurate

currently available, is to use the NOAAPRO code [10].

7
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4. Model Uncertainties

The following is a brief summary of AP8 and AE8 model uncertainties based on recent

model comparisons with flight data discussed in detail in [5] and [6].

4.1 AP8 Model - Low Altitudes

Based on AP8 model comparisons with several sets and types (flux, dose, activation) of

flight data for low altitudes (below about 2000 km, where most of the flight data are available for

comparison), the AP8 model underpredicts by about a factor of 2. By multiplying the AP8 model

output fluxes by a factor of 2, the resulting corrected model predictions are within about ± 25% of

the flight data, as illustrated in Fig. 1 for 28.5 ° inclination orbits; comparisons at 51.6 ° and 90"

inclinations are similar [5]. This empirical factor of 2 correction applies to both AP8MIN and

APSMAX predictions and is independent of proton energy (at least for energies above about 15

MeV, the energy range where model checks against flight data have been made).

4.0
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°1,,_
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o 3.0-

oo

2.5-

= 2.0
o

_5 1.5-

1.0

,I .... I .... I ....
Measurements:

+ APEX Data - Dose (Si), Solar Min
O CRRES Data - Dose (Si), Solar Max

• CRRES Data - Flux>30 MeV, Solar Max
[] NOAA Data - Flux>30 MeV, Solar Min
• NOAA Data - Flux>30 MeV, Solar Max
<>LDEF Data - Dose (Tissue), Solar Min
A LDEF Data - Activation, Solar Min

Orbit Inclination = 28.5*

I I I

0 500 1000 1500 2000

Altitude (km)

Fig. I. Comparison of flight data with predictions using AP8 trapped proton model for
circular orbits with 28.5 ° inclination, from [5].
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This factorof 2 correctionapplies,of course,only for situationswherethe AP8 modelis

usedwithin the limitationssummarizedabovein Sec.3. In particular,this correctionfactoris not

generallyapplicablefor shortdurationflightssuchasfor theSpaceShuttle,asshownin [6].

4.2 AP8Model- High Altitudes

Fewerflight datasetsareavailablefor testingtheaccuracyof theAP8 modelat higher(>
2000km) altitudes. Basedon proton flux anddosedatatakenon the CRRESmission[21, 22],

AP8continuesto underestimateto altitudesjust pastthepeakintensityof theprotonbelt andthen

overestimatesin theouterregionsof thebelt for normal(quiet)geomagneticconditions(e.g., Fig.

2). As indicatedin Fig. 2, theCRRESdatashow thattheouter regionsof thebelt aresubjectto

largetemporaryenhancementsduringactivegeomagneticconditions;the AP8 modelmaygrossly

underestimateproton fluxes in this region during, and somemonthsafter, such geomagnetic
disturbances.

10
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9_10

>
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o.)

........ 1 ..... ,,,I
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x
i

_ CRRES,
Active

6
10 ........ wI

4 5
100 1000 10 10
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Fig. 2. Altitude dependence of proton flux > 30 MeV in inner radiation belt predicted using
AP8MAX model and from measurements [21] on the CRRES satellite for quiet and
active geomagnetic conditions, for circular 28.5 deg. inclination orbits (from [5]).
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4.3 AE8 Model- Low Altitudes

Table 2 compares measured-to-predicted dose ratios at low altitudes (< 2000 km) based on APEX

satellite measurements [23] of the dose behind thin planar shielding (aluminum, 4.29 mils thick)

and the dose predicted [5] based on the AE8MIN trapped electron model and shielding calculations

using the SHIELDOSE2 code. These measurements were made during solar minimum and normal

(quiet) geomagnetic conditions. The comparisons are in terms of orbit-average doses for circular

orbits.

Table 2. Measured-to-predicted electron dose ratio at low altitudes based on APEX satellite data

[23] and AESMIN trapped electron model, from [5].

Inclination (deg) Altitude km) Exposure Region Measured/AE8MIN Model

< 40 < 750 "under belts" (low flux) 2-10 (or more), highly variable

< 40 750 - 2000 inner belt, inner edge 2 - 10

> 40 300 - 750 polar horns (outer belt) 0.5 - 1.5

> 40 750 - 2000 inner belt, inner edge 1 - 2

The ratios in Table 2 can be considered in four regimes: (a) For inclinations below about

40 ° and altitudes below about 750 km, the orbits are essentially below the radiation belts, and the

dose levels are low. Thus, while AP8MIN underprediction can be large in this region, the practical

importance is lessened because of the low electron intensity and dose levels. (b) For inclinations

below 40 ° and orbits through the inner edge of the inner belt (750 - 2000 km), the predicted dose

using AE8MIN is higher than measured by a factor of 2 to 10, with the largest differences at the

lowest inclinations and altitudes' (c) For low altitudes (below about 750 km) and high inclinations

(above about 40°), the dose is due mainly to exposure in the "horns" of the outer zone electrons

which reach low altitudes at high latitudes. In this region, the predicted and measured doses for

normal activity agree within about __.50%. However, the dose in this region is sensitive to outer

zone intensity fluctuations caused by magnetic disturbances, so the model uncertainty depends on

the magnetic activity level, as shown in [5]. (c) For altitudes in the 750 - 2000 altitude range and

high (> 40 °) inclinations, the dose is due to electrons in the inner edge of the inner radiation belt,

and AE8MIN overpredicts the dose by about a factor of 1 to 2.

4

10
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4.4 AE8 Model - High Altitudes

Figure 3 compares dose predictions based on AE8MAX trapped electron predictions with

measured doses based on CRRES satellite measurements [22] for 0.57 g/cm 2 shielding. Here the

orbit-average dose is compared for circular orbits at 28.5 ° inclination vs. altitude. The CRRES

data are shown for low magnetic activity conditions and for average dose measurements during the

6-month observation period following the large March 1991 geomagnetic storm and solar event

injection ("CRRES, High Activity" curve).

For the low activity conditions, Fig. 3 shows: (a) in the peak and outer edge of the inner

belt (-- 2,000 - 5,000 km), AE8MAX overpredicts by about a factor of three, (b) in the low dose

'slot' region between the inner and outer belts (5,000 - 10,000 km), AE8MAX overpredicts by as

much as a factor of 50, (c) in the peak region of the outer belt, AE8MAX overpredicts by a factor

of 5 - 10, and (d) in the outer regions of the outer belt, AE8MAX overpredicts by a factor of 10 -

100.

7
10

28.5 deg. Inclination

0.57 g/cm 2 Shielding

47tDose

CRRES

_Acdvi_

3
10

4 5
100 I000 10 10

Altitude (km)

Fig. 3. Comparison of electron dose based on CRRES satellite measurements for low

and high magnetic activity conditions [22] with predictions using AESMAX
model, from [5].
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During periods of high activity, Fig. 3 shows that the electron dose is enhanced down to

altitudes corresponding to the peak of the inner belt, with increases of about two orders-of-

magnitude in the slot region and one order-of-magnitude in the peak region of the outer belt.

However, the static AESMAX model overestimates the dose levels for quiet conditions by such a

large amount that the model results are not appreciably exceeded during these extremely high

activity conditions, and the model doses are still overestimates in the inner belt (by a factor of about

3 near the peak) and for the outer edge of the outer belt (by a factor of about 10 or more).

Data from the CRRES mission taken after the extremely large geomagnetic disturbance and

solar particle event of March 1991 provide what is probably a practical upper limit for temporal

enhancements to the trapped electron populations. Thus, comparison of these data with AE8,

which is a static model and does not account for fluctuations due to geomagnetic storms, provides

a bound on AE8 uncertainty related to geomagnetic activity.

12
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5. Factors Which Can Influence Predictions

The AP8 and AE8 models have been implemented as software packages and applied for

trapped radiation predictions at various facilities worldwide for several decades. While there have

not been fundamental changes to the data bases and basic models since they were issued (in 1976

for AP8, in 1983 for AE8), differences in implementation (such as coupling with different orbit

codes), input parameter selections, and details of operation can result in the same models providing

somewhat different results. We summarize below some of these factors which can influence

predictions and indicate the assumptions used in implementing the TRAP/SEE code. While some

of these factors are rather subtle, together they can account for the substantial difference in

predicted fluxes sometimes observed from the codes used at different facilities.

5.1 Orbit Code Fidelity

In coupling the AP8 and AE8 models with an orbit code to obtain orbit-average spectra, it

is essential for high-apogee, highly-elliptical Earth orbits (HEO) that perturbations due to the

gravitational pull of the moon and sun be taken into account. For example, Fig. 4 shows the

change in inclination and perigee with time for a spacecraft with 28.5 ° inclination, 10,000 km

perigee, and 140,000 km perigee at insertion (orbit parameters for the Chandra x-ray astronomy

satellite). For this example, perigee changes from 10,000 to about 30,000 km and inclination from

28.5 ° to about 50 ° over a 5-year mission, so the locations of trajectory passes through the radiation

belts change greatly during the mission.

Another orbit code feature which can influence trapped radiation predictions is treatment of

the earth's oblateness. Orbit codes calculate the geocentric radius at time steps along the trajectory,

and the radius of the earth is subtracted to obtain altitude, h -- R - R E. The altitude is used to

calculate the magnetic field at the time step, which in turn is used to extract fluxes from the AP8

and AE8 data bases. R E varies with latitude and time step due to the equatorial bulge of the Earth,

but some orbit codes use a fixed value (either mean or equatorial radius). While the R E variation is

relatively small (21 km difference between poles and equator [24]), neglecting the Earth's

oblateness can cause appreciable flux errors near the low-altitude edge of the proton belt where

gradients are steep.

13
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Fig. 4. Example orbit element perturbations for a highly elliptical orbit (orbit parameters at
insertion: i=28.5 °, hp=10,000 km, ha=140,000 km, Arg. Perigee = 270 °, RAAN = 200°).

The orbit code routines incorporated in the TRAP/SEE code° take into account orbit element

perturbations due to gravitational forces from the moon and sun (as well as the capability for

treating atmospheric drag and solar radiation pressure perturbations) and include the effect of the

earth's oblateness in computing altitudes.

5.2 Input Values for Convergence

Mission average spectra are determined by computing flux values during short time steps

("sampling time") around the orbit for a specified total orbit time (or, equivalently, for a total

number of orbits), and then dividing the accumulated products of flux times sampling time by the

accumulated time. Generally, the orbit time specified for the calculation is much less than the

actual mission time in order to save computation time. Since the flux variation around an orbit, and

variations from orbit to orbit, can be large, especially for orbits passing through the South Atlantic

Anomaly region, the code user needs to specify input values for the sampling time and number of

14
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orbitssothatadequateflux convergenceisobtained.Guidelinesfor specifyinginputvaluesfor the
numberof orbitsandsamplingtimesneededto achieveconvergencearediscussedbelow.

Low-Earth Orbits

Figure 5 illustrates the convergence of trapped electron and proton fluxes as calculated by

the TRAP/SEE code for a circular 500 km, 51.6 ° inclination orbit and one minute sampling time.

Plotted are the normalized running total values; i.e., after a given number of orbits, the

accumulated electron or proton fluence is divided by the accumulated time, and then divided by the

electron or proton flux for the maximum number of orbits considered (80 in this case) to show

fractional variations. This shows that LEO orbit convergence is obtained for a code run time

corresponding to about 80 orbits. Figure 6 illustrates that this conclusion is independent of

inclination. For higher altitude orbits with trajectories through the 'heart' of the belts rather than

through the SAA, quicker convergence is obtained, as illustrated by Fig. 7 for protons and Fig. 8

for electrons.
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Fig. 5. Example of number of orbits needed for flux convergence for LEO orbits
(TRAP/SEE code calculation for circular 500 km, 51.6 ° orbit).
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Fig. 6. Example of proton flux convergence for circular 500 km orbits at different inclinations.
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Fig. 8. Trapped electron convergence for example circular orbits at different altitudes, 0° inclination.

Sampling Time

Specifying an appropriate sampling time input value for the calculation is basically a trade

between choosing sufficiently small intervals that flux variations around the orbit are properly

accounted for versus making the time intervals so small that the required computer time for the

calculation becomes unreasonably long. Generally, about one minute sample times for low

altitudes and 10 min. for high altitudes are adequate choices for LEO orbits. The sampling time vs.

altitude curve of Fig. 9, which was generated by keeping the number of time steps per orbit

approximately the same as altitude changes, can be used as a general guide for circular orbits.

HEO Orbits

As indicated above, orbit parameters for highly ellipical orbits can change significantly with

on-orbit time, so flux values do not converge in the same sense as with LEO orbits. Thus, the

most accurate way of treating HEO orbits is to run the calculation for the actual number of orbits

corresponding to the mission time of interest. With TRAP/SEE this can be done with reasonably

short computation times, as discussed below.
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Fig. 9. General guide for setting sample time input values for circular orbits at different altitudes.

Input Value Selections for TRAP/SEE

Two factors should be considered in specifying TRAP/SEE input values for the number of

orbits to be calculated and the sampling time:

First, the TRAP/SEE code runs relatively fast, so liberal value choices that ensure flux

convergence for LEO orbits can be specified. For example, for a LEO 500 km circular orbit, one

minute sample time, and 100 orbit run time, the calculation takes less that 30s on a Pentium II PC

with 300 MHz clock speed. HEO orbits take longer, but still reasonable, times. For example, for

the 10,000 km x 140,000 km HEO orbit considered earlier and performing the calculation for a 5-

yr mission (683 orbits) and 20 min sample time takes about four minutes computation time.

Second, the adequacy of the TRAP/SEE input values for achieving flux convergence for

LEO orbits can be readily verified. This can be done by selecting the point-by-p0int output option.

The last column of this output contains "running average" flux values (default energy threshold

values: protons > 100 MeV for an AP8 calculation, electrons > 1 MeV for an AE8 calculation) at

each time step during the orbit calculation where non-zero fluxes occur. These running average

values can be scanned for increasing time steps to check the flux convergence.

=__
i
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5.3 Magnetic Field Models

The AP8 and AE8 model data bases consist of integral flux values stored as a function of

E, B/B o, and L, where E is the particle energy, B is the magnetic field intensity, B o = Mo/L 3 is

(approximately) the minimum magnetic field intensity where the field line crosses the magnetic

equator, M o is the magnetic moment, and the Mcllwain L parameter is a measure of the radial

extent of the field line. Thus, to retrieve flux values from the data bases, a magnetic field model

(consisting of coefficients for spherical harmonic expansion terms that describe the field), it is

required that B, B o, and L be calculated at each time step during the orbit calculation. It is essential

that the magnetic field models used in retrieving the flux data correspond to the fields for the epoch

the data bases were generated - the use of present day magnetic fields can give completely

erroneous results [25].

Magnetic field models commonly used in conjunction with the AP8 and AE8 models (and

which are the ones used in the TRAP/SEE code) are: the 80-term International Geomagnetic

Reference Field for 1965.0 [7] projected to 1964 for solar minimum calculations and the U.S.

Coast and Geodetic survey 168-term geomagnetic field model for 1970 [8] for solar maximum

calculations.

While the above models define the magnetic fields at the times the trapped model data bases

were generated, recent investigations by Heynderickx, et al. [26] indicate that the magnetic field

models actually used in analyzing the majority of the flight data for incorporation into trapped

model data bases were an interim 48-term model by Jensen and Cain [27] extrapolated to epoch

1960 for AP8MIN, AE8MIN, and AE8MAX and a GSFC 12/66 model by Cain, et al. [28]

extrapolated to 1970 for AP8MAX. Heynderickx, et al. [26] argue that for complete consistency

these magnetic field models should be used in extracting flux values from the trapped model data

bases, and these field models are used in the European Space Agency UNIRAD trapped radiation

environment and effects code system [29].

Thus, different magnetic field model choices based on reasonable assumptions have been

used, although it is clear that the field model used must represent the epoch of the data collection.

A comprehensive investigation of the sensitivity of trapped spectra model predictions to magnetic

field model choices has not, to our knowledge, been performed.

5.4 Magnetic Moment

As indicated in Sec. 5.3, the dipole moment M o of the geomagnetic field must be specified

to retrieve fluxes from the AP8 and AE8 data bases. As originally issued, the AP8 and AE8

models used a fixed value for the magnetic moment, Mo = 0.311653 gauss R 0, corresponding to

the magnetic field of 1960.
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In theTRAP/SEEcodeanalternateprocedureisusedwhereMo is calculatedfrom thefield

modelexpansioncoefficientsfor theepochof thefield (1964for solarminimumand1970for solar

maximum). This procedureof usinga calculatedratherthanfixedMovalue is currentlyused in

trappedradiationcodepredictionsatMSFCandJSC,for example.While wearenot awareof any

systematicinvestigationsof theeffectsof fixed vs. calculatedmomentvalueson predictedfluxes,
for theLDEF satelliteorbit (28.5°, 319-479km altitude),theuseof a calculatedratherthanfixed

momentvaluegavereducedprotonfluxesby about5% at thehighestaltitudesanda factorof two

at thelowestaltitudes[30].

5.5 DataBaseInterpolation
A shortcomingof theAP8 model is thatthe flux databasegrid is coarseat low altitudes

whereprotonsarebeingremovedby atmosphericinteractionsandtheflux vs. altitudegradientis

very steep.Daly andEvans[4] of theEuropeanSpaceAgency(ESA) havedevisedan improved
databaseinterpolationmethodfor suchlow altitudes.Theydefinea new variablefor interpolation

purposes,_= sin"1[(B - Bo)](Bma _ - Bo)], where Bm_x is the field strength at the atmospheric cutoff.

Then _ and L are used for flux data interpolation rather than B/B o and L. For altitudes below about

500 km, the ESA interpolation method gives proton fluxes about 20 - 40% higher (depending on

altitude, proton energy, and solar cycle conditions) than the standard interpolation method, with

little difference at higher altitudes [4].

For the TRAP/SEE code, the user is given the option of using either the standard

interpolation method (referred to here as "Vette method") or the Daly and Evans interpolation

method (referred to here as "ESA method"). The ESA interpolation method can be used for either

electron or proton prediction s , but the results for electrons are not appreciably different using the

two interpolation methods. Extensive proton and electron flux spectra comparisons using the Vette

and ESA methods are given in [6].

i
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Appendix A

Input Description

Input parameters that need to be set to run the TRAP/SEE code are described below;

descriptions are also included as Help files in the code, accessible by clicking on the "?" symbols

on the user interface screens. The input parameters which need to be specified are shown on the

interface screen below. (An altemate mode of code operation where spectra are calculated at a

specified (B,L) point on an orbit is described later in Appendix D.)

A.I Orbit Parameters

A brief description of input orbit parameters is given below; detailed definitions of orbit

parameters are available in numerous publications - e.g., ref. [24] given in the text (Sec. 6).

NOTE: For circular orbits, calculations can be made by setting values only for perigee,

apogee (= perigee), and inclination, with all other orbit parameters (optionally) set to 0.

® Perigee Altitude: distance from Earth's surface to point on orbit having smallest height above
the Earth's surface.

® Apogee Altitude: distance from Earth's surface to point on orbit having largest height above
the Earth's surface.

® Inclination: angle between satellite's orbit plane and Earth's equatorial plane (plane containing
Earth's equator).

® Argument of Perigee: angle (with apex at center of Earth) from ascending node to perigee,
measured in direction of satellite passage. (The ascending node is where the satellite
crosses the equatorial plane from south to north.)

® R. A. Ascending Node: right ascension of the ascending node is the angle in the equatorial
plane measured eastward from the vernal equinox to the ascending node.
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® True Anomaly: true anomaly specifies where the satellite is located in its orbit, and is the angle

(with apex at the center of the Earth) between the perigee point and the satellite location,
measured from the perigee point.

® GMT: Greenwich meridian time (in hours) for start of orbit calculation. Input as a decimal

number.

® Day, Month, Year: starting date for orbit calculations

NOTE: These dates are used only in the orbit calculation; they have no relevance to the
time variation of the trapped radiation environment. (The trapped models are only

applicable for times at or near solar maximum or solar minimum.)

A.2 Particle Environment

The choices here are trapped proton or trapped electron environments at either solar

minimum or solar maximum.

NOTE: In trying to match solar minimum or solar maximum model outputs to represent
the time frame of a particular mission, note that the most recent solar maximum occurred
about 1991.0, and the most recent solar minimum occurred about 1996.5. The times of the
other minima and maxima can be estimated by displacing these values by 11 years,

corresponding to the approximate duration of the solar cycle.

A.3 Run Parameters

® Number of Orbits: calculation is carried out for the number of orbits entered here.

NOTE: To perform the calculation for a specified mission time T, the equivalent number of
orbits, N, needed for input is N = T/P, where P, the orbit period, is: P(minutes) =

(1.6587e-4) * [A^(3/2)] and A is the semi-major axis in km. For circular orbits: A = H +
RE, where H is the altitude and RE = 6378.14 km is the Earth's equatorial radius. For

elliptical orbits, A=(HP + HA + 2RE)/2, where HP is perigee altitude and HA is apogee
altitude.

® Time Step for Model Calculation: this specifies the time steps during the orbit calculation at
which trapped radiation fluxes are calculated.

NOTE: The combination of number of orbits and model time steps needed to adequately

sample the radiation belt to obtain orbit-average flux spectra depends on the orbit of
interest. Guidelines for setting these parameters are discussed in Sec. 5.2.

The point-by-point output file contains (as last column) the cumulative orbit-average flux
after each time step. These results can be viewed to check convergence.

® Time Step Multiple for Orbit Calculation: time steps for the orbit calculation (in seconds) is
determined by • TO = T * 60/M, where T is the model time step (in minutes, from above

input) and M is the factor input here. This flexibility of different time steps for flux
sampling and orbit element updates is advantageous for highly elliptical orbit calculations.

(Nominal input values are T= 1, M= 1 for LEO and T=20, M=5 for HEO.)

!
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A.4 Spacecraft Parameters

® Mass (kg): spacecraft mass, used in atmospheric drag calculations. (Default value = 1.)

@ Area for Drag (m**2): effective spacecraft area, used in atmospheric drag calculations. This
effective area is the product of the drag coefficient (a dimensionless number, typically
between 1 and 2, with a value of 2 representative of large spacecraft), and the physical
cross sectional area of the spacecraft perpendicular to the velocity vector. (Default value =
0.)

® Area for Solar Pressure (m**2): cross sectional area of the spacecraft perpendicular to
sunline, used in calculating orbit perturbation caused by the solar radiation pressure.
(Default value = 0.)

A.5 Model Interpolation Method

@ ESA Method: uses an improved numerical interpolation method, developed by Daly and
Evans at the European Space Agency/ESTEC facility, to extract flux values from the model
data bases.

® Vette Method: uses original interpolation, method of Vette, et al. to extract flux values from
model data base.

NOTE: See Sec. 5.5, and references therein, for discussion of these two methods. The

two methods give significantly different results only for protons at low altitudes (below
about 500 km).

A.6 Output Option Selections

The default output is a table of orbit-average integral and differential flux energy spectra.

To obtain output files containing point-by-point output, peak flux values, and an orbit-parameter

file (described in Appendix B), these options must be selected at start of run under the "Output

Options" pull-down menu on the user interface screen (partial screen shown below).

_ TRAP/SEE

.--,--_:-Point_ PointFile

......OrbitA_,era_iedFI6_....

p.o kF!uxee,.o'i !t.
..OtbitEi!a_, - °:__-:;? .:
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A.7 Code Option Selections

Under the "Code Options" pull down menu (partial screen shown below), the default

energy values used for (a) energy spectra energy grid, (b) threshold energies for peak flux output,

and (c) threshold energies for the point-by-point output may be changed, as discussed in Appendix

C.

_tron. Er_r_ Grid _!
t

If the "Input 13 and L" selection is made, another screen appears enaonng Ul_=erential and

integral flux spectra to be calculated at the point in space specified by input B and L values. This

operational mode option, which is illustrated in Appendix E, allows the full energy spectrum to be

obtained at any time step along the orbit using B and L values from the point-by-point (or peak

flux) output files.

=
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Appendix B

Output Description

B. 1 Output Provided

Orbit Average Flux Spectra

The default output option provides orbit-average integral and differential flux spectra. For

proton spectra the energy grid consists of 20 energy values from 0.05 - 600 MeV; for electron

spectra, 20 energy values from 0.04 - 7.5 MeV are used. The default energy grid, and procedure

for changing, is given in Appendix C.

Peak Flux

If the "Peak Flux per Orbit" option under the pull-down "Output Options" menu is selected, a

table of peak flux values corresponding to the maximum integral flux (default threshold energies: >

1 MeV for protons, > 0.04 MeV for electrons) encountered over all time steps for a given orbit is

generated. Also included in this output table is:

(a) the orbit number, and the location (longitude, latitude, altitude), elapsed time, the magnetic

field intensity B, and the Mcllwain L parameter (in Earth radius units) corresponding to the time

step at which the peak flux occurred,

(b) the cumulative integral fluence for the whole orbit (default threshold energies: protons > 1

MeV, or electrons > 0.04 MeV), and

(c) the longitude of the south-to-north equatorial crossing for the orbit.

The maximum number of output lines in the table is set to 500 orbits. No output is provided for

orbits having zero flux.

Point-by-Pgint Output

If the "Point-by-Point File" option is selected under the pull-down "Output Options" menu, a

file containing variables at each time step during the calculation is generated. (Variables are printed

only if the flux value for at least one of the threshold energies at the time step is nonzero.)

The output contains values at each time step for:

(a) the orbit position in terms of longitude, latitude, and altitude,

(b) B and L values,

(c) elapsed orbit time from start of calculation,

(d) integral flux values at the time step above three threshold energies; the default threshold

energies are 1, 10, and 100 MeV for protons, and 0.04, 1.0, and 3.0 MeV for electrons, and
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(e) the "running average" integral flux (default threshold energies: > I00 MeV for protons, > 1

MeV for electrons) -- i.e., the cumulative integral flux from the start of the orbit calculation

divided by the elapsed time from the start of the calculation.

Orbit File

The orbit file contains values for selected orbit parameters at each time step of the orbit

trajectory calculation. This output is for each time step, not just at nonzero flux time steps as for

the point-by-point output. The output consists of the following variables (which are unlabeled in

file) at each time step: longitude (deg), latitude (deg), altitude (kin), B (gauss), L (Earth radii

units), and elapsed time (hrs). This output option is useful only in special cases and is usually not

selected.

Em kEi 
This optional output file contains differential and integral spectra at specified (B, L) points. It

is generate only if the "B and L" option is selected and exercised under the "Code Options" menu.

B.2 Output Files

Table B-1 summarizes the output files generated and naming convention. For the B and L

file, spectral results for multiple (B, L) points calculated during a session are appended in the same

file.

Output files are automatically named using a string of abbreviations for key input parameters.

An initial sequential "Index" (1, 2 .... ) denotes the number of different calculations made during a

session. The index in the file name is followed by the "Run Identifier" information, consisting of:

perigee altitude, apogee altitude, inclination, "P" or "E", denoting proton or electron model, "Max"

or "Min", denoting solar maximum or solar minimum, "VET" or "ESA", denoting Vette or ESA

interpolation method, and xOrb, where "x" is the number of orbits run. "BandL" is a default file

name for the spectra at (B, L) points; the assigned file name can be changed by the user on the B

and L calculation screen.

L
2'1t
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Table B-1. Output files generated.

Content Selection File Name and Extension (a)

Orbit Average File:

Orbit-average differential

and integral flux spectra

Peak Flux File:

Peak flux per orbit and

fluence per orbit

Point-by-Point File:

Variables at each non-zero

flux point along orbit

Orbit File

Selected variables at each

time step along orbit

- B and L File:

Differential and integral

spectra at specified (B,L) points

default

Optional - select under

"Output Options" menu

Optional - select under

"Output Options" menu

Optional - select under

"Output Options" menu

Optional - select under

"Code Options" menu

(Index)(Run ldentifier).txt

appended to

Orbit Average File

(lndex)(Run Identifier) .doc

orbit.txt

BandL.txt

(a) See text for (Index) and (Run Identifier) definitions

The output file sizes are relatively small except for the orbit file. For example, for the LEO

example calculation described in Appendix D, the default orbit average and peak flux file is 10

kilobytes (kb), the point-by-point file is 92 kb, and the orbit file (seldom selected) is 510 kb. For

HEO cases where typically calculations are made for a much larger number of orbits, the file sizes

are larger but not unreasonably large.
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Appendix C

Changing Default Energy Values

Default energy values may be changed for:

• energy grids used for calculating spectra,

• energy threshold values used in calculating peak fluxes, and

• energy threshold values used in calculating point-by-point fluxes.

To view or change the default values used, select either "Change Proton Energy Grid" or

"Change Electron Energy Grid" under the Code Options menu (shown below).

After this selection, a screen for changing either the proton or electron values (reproduced on

next page) appears. Restrictions for user defined energies are:

• The energy grid values for spectra must be within the energy limits indicated on the

screens.

• The number of energy grid values cannot exceed the default value of 20.

• Fewer than 20 energy grid values may be used, but should not be less than 5.

• The threshold energy values used for the point-by-point and peak flux output should

correspond to one of the energy grid values used for the spectra calculation.

• The threshold energy specified for calculating the running average flux should
correspond to one of the three threshold energies used for the point-by-point flux

output.

For the point-by-point or peak flux energies to appear on the screen for changing default

energies, these files must have been selected as output options under the "Output Options" menu.
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Appendix D

Example Calculation

D. 1 Input Parameters

Input parameter settings for an example calculation are shown on the user interface screen

below. Options to obtain peak flux and point-by-point values as output have been selected under

the Output Options menu.
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-20

-40

-6O
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B

D.2 Screen Graphics

The left graphics screen shows a ground trace plot of the projected orbit in geographical

latitude-longitude coordinates as the orbit calculation is performed. (Points on the orbit having

nonzero flux values are connected with a red-colored line.)

The right screen shows the orbit plotted in B and L coordinates, where B is the magnetic

field strength (in gauss) and L, the Mcllwain L parameter, is a measure of the field line radial

distance. If the orbit apogee altitude is < 1.5 Earth radii ( = 9567 km), the scale limits are B_, = 0

tO Bma x = 0.5 and Lmi n -- 1 to L,,_x = 2; if the apogee altitude is > 1.5 Earth radii, the upper scale

limits are changed to Bma x = 0.2 and Lma x = 6.

=
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D.3 Output

Tables D-I through D-3 show the example calculation output for energy spectra, peak flux,

and point-by-point results, respectively.
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Appendix E

Types of Applications

Both orbit-average and instantaneous trapped radiation flux spectra are generally needed for

satellite radiation effects assessments. For example, orbit-average spectra are needed as input in

determining mission dose vs. shielding and in assessing the lifetime performance degradation of

certain components due to displacement damage. The default operational mode for the TRAP/SEE

code provides such orbit-average spectra, and the number of orbits needed to obtain orbit averages

representative of the whole mission has been discussed in Sec. 5.2.

Instantaneous flux spectra are needed in assessing radiation effects such as single-event

effect rates in microelectronics, total dose rates, and background noise fluctuations produced in

sensitive sensors by radiation. In addition to typical magnitudes for the instantaneous flux for the

mission, the maximum mission fluxes are also usually needed so that "worse case" radiation

effects analyses can be performed.

Instantaneous flux spectra can also be predicted using the TRAP/SEE code, where

"instantaneous flux" means the flux average over the sampling time specified as input (nominally in

the 1 to 10 min. range, as discussed in Sec. 5.2). The instantaneous flux spectra at orbit locations

and times of interest can be obtained by: (a) using the peak flux per orbit (or point-by-point)

output files that contain integral fluxes above specified energy thresholds to identify the location of

interest, and the B and L values at this location, and then (b) calculating the integral and differential

spectra over the full energy range at this B and L. Examples using this procedure are given below

for LEO and HEO orbits.

The TRAP/SEE point-by-point output files contain various parameters (defined in

Appendix B) which allow numerous types of analyses to be performed by the user. An example

showing the altitude dependence of electrons and protons throughout the mission duration is given

below. Such varied analyses are not automated but can be readily performed by importing the files

into spreadsheets and graphics programs. For the analyses that follow, we have opened the output

files using Microsoft WORD97 ©. (Some manipulation may be needed to format the point-by-point

file results so that the values are aligned with the column heading descriptions. This can usually be

done by choosing a font where each character corresponds to equal spacing, such as Monaco or

Courier New, selecting landscape for the page orientation, and using a small, font size.) The text

file can be imported into a spreadsheet (Microsoft EXCEL97 © was used here), and the text-to-

column command applied, so that various types of analyses can be performed, such as sorting by
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integral flux magnitude to identify maximum flux values and corresponding locations. For the

results shown here, spreadsheet files were imported into the KaleidaGraph © graphics program for

plotting.

E. 1 Instantaneous Flux Spectra - LEO Example

A procedure for estimating the maximum differential and integral proton spectra over an

LEO mission is illustrated here. The orbit considered is 500 km x 500 km with 51.6 ° inclination

and 1.05 min. sample time, the same as for the example calculation in Appendix D. Figure E-1

shows a plot of the peak flux (> 50 MeV) per orbit file for the first 500 orbits. Also plotted for

comparison is the average flux per orbit, obtained by dividing the fluence per orbit results in the

peak flux file by the orbit period (1.577 hrs).
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• Peak Flux per Orbit

- Average Flux per Orbit

..... I .... I,,,,l .... I ....
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Maximum peak flux per orbit_
, '_-a:o_"nc"_"........... :.- v-e-_-: ....... -_"/-6-o-o" _"o"-"-" o"_"t'_'_ -

,r'_ e • • • • - - ere'e'-u dPo __Sp_ • oo4
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Fig. E-I. Peak and average proton flux per orbit for example LEO mission.
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Figure E-1 shows that the maximum peak integral flux (>50 MeV) per orbit is

approximately 1000 p/cm2-s, the maximum average flux per orbit is about 50, and that these

maxima are reached on numerous orbits. The peak flux variation is large since at this altitude

different orbits pass through widely varying intensities in the South Atlantic Anomaly. Importing

the peak flux values into a spreadsheet and sorting the peak flux file variables by descending peak

flux magnitude, the maximum peak flux is 96.5 p/cmLs and occurs on orbit number 458. At this

maximum flux location, B = 0.20766 and L = 1.399. Selecting the "Input B and t" option under

the Code Options menu and inputting manually these B and L values, the differential and integral

flux spectra at this orbit location can be calculated (Fig. E-2). By importing the output file

generated by the spectra calculations (named "BandL.txt") into a graphics program, a plot of the

spectra is obtained (Fig. E-3). Thus, the peak flux output file results and this procedure can be

used to identify mission maximum fluxes and corresponding spectra.

;

-÷

BandL

Enetg.v IntegralFlux Differential
happedProtons E.{MeV] aboveE FluxatE

SolarMax percrn"2-da.vpetcm"2-MeV-day

2.077GE-01

I..Valu6

@

1.3990E+00

5.00E-02 1.33E+08 1.15E+07
2.50E-01 1.31E+08 B.O5E+O6
5.00E-01 1.29E+08 5.81E+06
1.00E+O0 1.26E+08 4.32E+06
1.50E+00 1.25E+08 3.18E+06
2.00E+O0 1.23E+08 2.59E+06
2.50E+00 1.22E+08 2.12E+06
3.00E+O0 1.21E+08 2.10E+06
3.75E+00 1.19E+08 2.01E+06
4.50E+00 1.18E+08 1.BSE+O6
6.OOE+O0 1.15E+08 1.54E*06
1.00E+01 1.10E+08 1.12E÷06
1.50E+01 1.05E+08 7.46E+05
3.00E+01 9.68E+07 6.15E+05
5.00E+01 8.37E+07 6.98E+05
1.00E+02 5.20E+07 5.45E+05
2.00E+02 1.E;4E÷07 1.95E+05
3.00E+02 4.85E+06 5.91E+04
4,00E+02 1.43E+06 1.75E+04
6.00E+02

Fig. E-2. Calculation of spectra at location of maximum peak proton flux.
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E-2. Instantaneous Flux - HEO Example

Illustrated here are instantaneous proton and electron flux calculations for an HEO mission•

The orbit parameters and TRAP/SEE input values used (for protons) are shown below. The

calculation is made for the first two years of the mission_ .............

Fig. E-3. Plot of the proton spectra values in Fig. E-2.
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L

t

=:

Figure E-4 shows a plot of the instantaneous integral proton fluxes > 30 MeV and the

cumulative average ("running average") integral flux from the point-by-point file for the first two

years of the mission. The instantaneous flux corresponds to the flux average over the 20 min.

sampling time specified as input. The flux in this case decreases with mission time since, as

illustrated earlier (Sec. 5.1), perigee altitude increases with orbit time for such highly elliptical

orbits due to perturbations of the orbit by nonspherical Earth gravitational terms and solar and lunar

gravitational forces. Thus, orbit trajectories pass through less intense regions of the proton belt as

mission time progresses. Since the increased perigee altitude is still below the outer electron belt,

the cumulative and maximum instantaneous electron fluxes are essentially constant with elapsed

mission time (Fig. E-5).

As illustrated above for the LEO orbit, the "Input B and L" option can be used to calculate

the full differential and integral spectra at orbit locations or mission times of interest as identified by

the integral instantaneous flux variations. Also, other variables in the point-by-point file can be

used to help characterize the environment for particular missions and interests. For example,

plotting the integral fluxes vs. altitude gives an overview of the altitude regions contributing to the

flux, as illustrated in Fig. E-6.
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Fig. E-4. Instantaneous (20 rain. average) and cumulative average proton
fluxes for example HEO mission.
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